Abstract-We present a theoretical and experimental evaluation of any general order harmonic distortion in a slow and fast light propagation phase shifter based on coherent population oscillations in a semiconductor optical amplifier device. Different optical filtering implementations are proposed for enhancing the performance of microwave photonic phase shifters.
I. INTRODUCTION

S
LOW and fast light propagation (SFL) [1] is currently attracting a considerable interest in the field of microwave photonics as it offers the potential application to the implementation of tunable broadband radio-frequency (RF) phase shifters [2] . One of the most promising optical phenomena that allows the control of the optical signal group velocity is that based on the coherent population oscillations (CPO) in semiconductor optical amplifiers (SOAs) [3] , where a tunable microwave phase shift can be achieved by controlling the operation conditions of the SOA followed by a selective sideband filtering enhancing scheme. However, as an inherent nonlinear process, CPO can also bring the generation of harmonic distortion. In addition, a reduction in the expected microwave phase shift is created due to the coupling between the fundamental and harmonic terms inside the SOA [4] . We present a model based on the optical field that accounts for any general order harmonic distortion in an SFL phase shifter based on CPO, extending thus the model reported in [4] . It has been applied accounting up to third-order distortion while it has been tested against the experimental results for second-order distortion, showing an excellent agreement. The novelty of our model relies also on the consideration of the distortion introduced by a dual-drive electrooptic modulator (EOM), instead of presuming, as customary, an ideal device [4] . For microwave photonic applications where large signal operation is required, we have considered, for the first time to our knowledge, two optical filtering schemes for proper distortion reduction: an optical harmonic filtering stage prior to the SOA and a postoptical filter implemented by a fiber Bragg grating (FBG) operating in reflection, instead of considering a selective sideband notch filter as in previous literature [4] - [6] .
II. THEORETICAL MODEL
We assume an input field to the SOA device given by the output of a dual-drive EOM, being the voltage signals applied on both electrodes composed of a bias term and an RF signal characterized by the same amplitude and frequency , but different initial phases, and
The optical field at the modulator output is then given by (2) where comes from the input intensity provided by the laser and is the quadrature voltage. Expanding the cosine in (2) in terms of Bessel functions of the first kind, we get (3) where represents the normalized bias voltage and the modulation index is defined as . We will apply the general expression (3) to the case for zero-chirp in the EOM since the experimental validation will be carried under such condition. The absence of the modulator chirp comes as a consequence of applying an input electrical voltage such that . If we consider harmonic distortion up to order , the field inside the cavity of the SOA can be expressed as (4) where is the frequency of the optical carrier, is the modulation frequency, and is the propagation constant of the field complex amplitude , the initial value of which is obtained from (3) . Assuming perfect phase matching between the different RF terms, we can express the intensity of the intracavity field as a periodic function, which oscillates with a fundamental frequency and extends from to (5) 1041-1135/$26.00 © 2010 IEEE where (6) We can, therefore, assume that the carrier density inside the SOA, and thus the gain coefficient, oscillates following a similar variation of (5), which can be obtained from the well-known carrier rate equation (7) where is the injection current, the unit electron charge, the volume of the active region, the carrier lifetime, the confinement factor, the differential gain, and the transparency carrier density. It must be noted that saturation due to intraband transitions, consequence of the spectral hole-burning, has been neglected, as justified in [4] , which means that the carrier density has been assumed linearly dependent on the optical intensity. The identification of the population term for every frequency component in (7) yields the coefficients for the dynamic evolution of the gain (8) For the dc component we get (9) where is the unsaturated modal gain and the saturation power is defined as ; while for the rest of oscillating terms we have (10) Substituting (1) and (8) in the slowly varying propagation equation, we get the following coupled differential equations: (11) where corresponds to the internal waveguide losses and to the SOA linewidth enhancement factor.
III. HARMONIC DISTORTION EVALUATION
As it has been reported in the literature [4] - [6] when optical filtering is included to selectively suppress the red-shifted frequency sideband of the optical signal before photodetection, the refractive index dynamics leads to a considerable increase in the microwave phase shift. However, the impact of harmonic distortion over the phase shifter performance is less well understood. To validate our model and subsequently apply it to understand the effect of harmonic distortion, we have assembled the experimental setup shown in Fig. 1 . A continuous-wave (CW) laser at 1550 nm is modulated by a 20-GHz microwave tone by means of a dual-drive zero-chirp EOM. The SOA has a saturation power of 2 dBm and a bandwidth over 10 GHz, while its bias has been set to 200 mA. Other parameters used in the SOA model are: linewidth enhancement factor ; length mm; unsaturable loss (1/m) ; and unsaturated modal gain (1/m) . It must be noted that the phase shift can be optically controlled [4] , [6] by means of the optical CW power at the SOA input, which requires an erbium-doped fiber amplifier (EDFA) and a variable attenuator. Harmonic levels were measured using a lightwave spectrum analyzer (LSA) while the phase shift was measured by a vector network analyzer (VNA).
The typical filtering configuration after the SOA is a notch filter implemented by an FBG in transmission (FBG Tx), as shown in inset (b) of Fig. 1 . In our setup, we employed a device providing a 40-dB attenuation level over the red-shifted fundamental frequency component. Fig. 2 shows the experimentally and theoretically obtained microwave phase shift in function of the optical power at the SOA input, relative to the fundamental tone, for this notch filtering case and different modulation depths . In comparison to the theoretical results presented in [4, Fig. 5 ], note that our instrumentation did not allow us to generate input signals with values up to 0.3. The same phase shift behavior can be achieved by tuning the electrical injection current [7] . A considerable dependence of the phase shift with is observed, as expected, since for higher values there is a negligible interaction between the fundamental tone and the harmonics within the SOA, leading to power and phase fluctuations. Note that the experimental and theoretical results show an excellent agreement, validating the model developed in Section II. To overcome the dependence of the phase shifter performance on , we propose a prefiltering scheme whereby an FBG passband filter is used previous to the SOA, to attenuate (more than 20 dB) the high-order harmonics produced by the EOM, as shown in inset (a) of Fig. 1 . The microwave phase shift corresponding to simultaneous pre-and postfiltering techniques has been plotted in Fig. 2 . Two points deserve a comment. On one hand, the phase-shift performance for the fundamental tone is considerably less sensitive on .
Since this phase shift is dependent on the complex amplitude of , this means that less power from the fundamental is coupled to the harmonics. The second relevant aspect is that less optical power is required to achieve a given phase shift.
The former scheme has the drawback of requiring pre-and postfiltering stages. A second alternative to reduce harmonic distortion consists in using a single bandpass postfiltering stage, as shown in inset (b) of Fig. 1 . In our experimental setup another FBG, operating in reflection, yields over 30-dB attenuation both for the red-shifted sideband and the remaining higher order frequency components. Fig. 3 illustrates the measured and computed results of the photodetected fundamental RF power and the second harmonic power versus the SOA input optical power for . It must be noted that the third-order harmonic power has not been included due to limitations in our experimental setup as we are working with a 20-GHz RF signal. A very good level of agreement can be observed between the theoretical results and those rendered by the measurements. Comparing the second harmonic for both postfiltering configurations, it is appreciated how the inclusion of the optical notch filter (FBG Tx) results in a considerable increase of the nonlinear distortion level introduced by the CPO effect, which can be decreased (by more than 10 dB) when employing the FBG in reflection. Major distortion reduction can be achieved when resorting to filter responses with a sharper roll-off. A small discrepancy is observed between the experimental and simulation results for and . This is due to the fact that for low input powers, the SOA gain is not saturated and the amplified spontaneous emission (ASE) noise contribution (which is not taken into account in our model) , where is the amplifier gain, the spontaneous emission factor, and the ASE bandwidth, becomes relevant. A further issue we have considered is related to the microwave phase shift obtained for the fundamental tone. Our simulation results show the same behavior for both filtering setups. In fact, as expected [6] , shows for both schemes a dip near 2 dBm which is correlated with the sharp increase of the phase shift.
Finally, the dependence of the harmonic distortion on the modulation frequency when employing the bandpass postfiltering alternative is shown in Fig. 4 . The simulated results for the fundamental tone, the second-and the third-order harmonics, are plotted for an SOA input optical power of 0 dBm. For linear operation the expected dips in the power, for and confirm the results of [5] , while for (nonlinear operation), curve distortions due to energy transfer between the fundamental and the second and third harmonics are clearly appreciated.
IV. CONCLUSION
We have presented a model based on the optical field that accounts for any general order of harmonic distortion in an SFL phase shifter based on CPO in an SOA. The model has been tested against the experimental results showing an excellent agreement. For microwave photonic applications where large signal operation is required, we have proposed two different optical filtering implementations for the proper reduction of harmonic distortion in microwave photonic phase shifters.
